Human mitochondrial complex I is the first enzyme of the mitochondrial respiratory chain. Complex I is composed of 45 subunits, seven encoded by mitochondrial DNA, while the remainder are encoded by nuclear DNA. All nuclear-encoded subunits are thought to be expressed as a single isoform. Here we reveal subunit NDUFV3 to be present in both the canonical 10 kDa and a novel 50 kDa isoform, generated through alternative splicing. Both isoforms assemble into complex I and their levels vary in different tissues. While the 50 kDa isoform appears to be dominant in HEK293T cells, we find either isoform alone is sufficient for assembly of mature complex I. NDUFV3 represents the first known complex I subunit present in two functional isoforms.
The mitochondrion is a dual membrane-bound organelle, concentrically comprised of an outer membrane, an aqueous intermembrane space, an inner membrane, and a protein-rich matrix. Embedded in the inner membrane, the 980 kDa mammalian complex I (NADH:ubiquinone oxidoreductase) is the largest of four multimeric enzymes which comprise the respiratory chain, generating a proton gradient and driving production of ATP [1, 2] . In humans, complex I biogenesis involves the assembly of 45 subunits encoded by two genomes [3, 4] , and a suite of at least 15 assembly factors [5] [6] [7] [8] . Subunits initially coalesce into five transient modules, which in turn combine in a stepwise fashion to form two large protein arms [8] . The hydrophilic matrix arm protrudes into the center of the mitochondrion and incorporates both the NADHbinding N-module and the ubiquinone-binding Q-module. The highly hydrophobic membrane arm contains the proton translocating P-module and intersects with the matrix arm at almost 90°, giving the enzyme its characteristic 'L'-shape [3, 4, 9] . The complexity of this convergence, coupled with its fundamental role in ATP synthesis, makes aberrant complex I assembly a significant cause of disease. Mutations in genes encoding complex I subunits and assembly factors are the most common cause of all mitochondrial dysfunction [7, 10] . Pathogenic mutations have been shown to manifest as various diseases including Leigh syndrome, Leber's hereditary optic neuropathy (LHON), as well as neurodegeneration and premature aging [7, [10] [11] [12] .
Forming the enzymatic core of complex I are 14 highly conserved proteins common to bacterial complex I. The remaining 31 human subunits (29 individual proteins and 2 copies of acyl carrier NDUFAB1) are not found in the bacterial structure and are therefore termed 'accessory' or 'supernumerary' subunits [3, 4, 13] . Using gene-editing technologies, we recently generated a panel of human embryonic kidney (HEK293T) cell lines, each lacking a single accessory subunit [14] . While most subunits were required for normal assembly and function of the enzyme, loss of a small number of subunits led to only minor defects in the assembly of an otherwise functional complex. Among these was NADH dehydrogenase [ubiquinone] flavoprotein 3 (NDUFV3)-or 10 kDa subunit in the bovine nomenclature. In addition to unique peptides representing the canonical 10 kDa isoform, we detected peptides specific to a novel~50 kDa isoform of NDUFV3. Both proteins are predicted to be encoded by the NDUFV3 gene and produced through alternative splicing of a single transcript.
Here, we characterize the~50 kDa isoform of NDUFV3 (NDUFV3-L). We demonstrate that both NDUFV3-L and the canonical isoform (NDUFV3-S) are expressed in human and mouse cells. While NDUFV3-L is more abundant than NDUFV3-S in HEK293T cells, the stoichiometry of each isoform varies in mouse tissues. Both isoforms of NDUFV3 are imported into the mitochondrion, assemble into the mature complex I, and are alone sufficient to restore full assembly the complex.
Materials and methods

Cell culture
HEK293T cell lines [15] were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% (v/v) fetal calf serum (FCS), penicillin/streptomycin, and 50 lgÁmL À1 uridine. For stable isotope labeling with amino acids in cell culture (SILAC), cells were cultured as previously described [14] [15] [16] 
Generation of cell lines
A HEK293T knockout of both NDUFV3 isoforms (NDUFV3 KO ) was previously described [14] . The knockout of NDUFV3-L was generated using CRISPR/Cas9 as essentially as described [14] . Briefly, an oligoduplex was produced specific for the guide RNA designed using the online tool CHOPCHOP [17] . MgCl 2 , 2 mM SDS), incubated at 37°C for 1 h followed by 80°C for 10 min. The CRISPR/Cas9-targeted region was amplified by PCR and ligated into pGEM-4Z (Promega, Madison, WI, USA). Individual alleles were screened for mutations by Sanger sequencing as described [19] .
Isolation of mitochondria
Mitochondria were isolated as per Acin Perez et al. [20] . Briefly, cultured cells were harvested and collected by centrifugation (800 g, 5 min, 4°C) before resuspension in 10 cell pellet volumes of Buffer A (83 mM sucrose, 10 mM HEPES-KOH pH 7.2) and homogenization in a drill fitted pestle for 30 strokes. An equal volume of Buffer B (250 mM sucrose, 30 mM HEPES-KOH pH 7.2) was added to the homogenate, and the material centrifuged for 5 min at 1000 g (4°C). The supernatant was removed and subjected to centrifugation at 12 000 g for 2 min (4°C). Crude mitochondria were washed and resuspended in Buffer C (320 mM sucrose, 1 mM EDTA, 10 mM Tris/Cl pH 7.4). The protein concentration was quantified with Pierce BCA protein Assay Kit (ThermoFisher Scientific). For isolation of mitochondria from mouse tissue, wild-type C57Bl/6 mice were sacrificed and heart, liver, and brain tissues harvested. Tissues were washed and resuspended in Buffer A and incubated on ice for 15 min to facilitate swelling. Crude mitochondria were isolated and mitochondrial protein quantified as above.
SDS/PAGE, BN-PAGE, and immunoblotting
SDS/PAGE was performed using Tris-Tricine gradient gels [21] and the NovexÒ NuPAGE SDS/PAGE gel system (ThermoFisher Scientific). Blue-native (BN)-PAGE and two-dimensional (2D)-PAGE was performed as described previously [22] . Gels were transferred to polyvinylidene difluoride (PVDF) membranes using a Novex Semi-Dry Blotter (ThermoFisher) according to the manufacturer's instructions. Horseradish peroxidase coupled mouse and rabbit secondary antibodies (Sigma-Aldrich) and Clarity TM enhanced ECL chemiluminescent substrate (BioRad) were used for detection on a ChemiDoc XRS+ Imaging System (Bio-Rad, Hercules, CA, USA). Primary antibodies raised in rabbits against NDUFB6 [23] and NDUFA9 [24] were generated in-house. Antibodies against NDUFB8 (Abcam), NDUFV3 (ProteinTech), SDHA, and SDHB (Abcam) were commercially obtained.
Mitochondrial protein import
NDUFV3-S and NDUFV3-L were amplified using primers designed to introduce an SP6 promoter sequence (5 0 -ATTT AGGTGACACTATAGAA-3 0 ) immediately upstream of the reading frame. The resulting PCR products were purified with the Wizard TM SV Gel Purification and PCR Clean-up System and used as a template for synthesis of mRNA using the AmbionÒ mMessage mMachine Kit (Thermo Scientific). In vitro translation was performed in the presence of [ 35 S]methionine/cysteine (Thermo-Fisher Scientific) using the Rabbit Reticulocyte Lysate System (Promega). Protein import was performed essentially as described [24] . Briefly, mitochondria were collected by centrifugation (12 000 g, 5 min, 4°C) and 50 lg of protein was resuspended in 100 lL ice-cold import buffer (250 mM sucrose, 5 mM magnesium acetate, 80 mM potassium acetate, 10 mM sodium succinate, 1 mM DTT, 5 mM ATP, 20 mM HEPES-KOH pH 7.4). Import was started with the addition of 10 lL of translation product and incubated at 37°C for the indicated time. Where indicated, membrane potential was dissipated by treatment with 1 lM carbonyl cyanide m-chlorophenyl hydrazone (CCCP) immediately prior to commencement of the experiment. Following protein import, samples were treated as indicated with 50 lgÁmL À1 proteinase K (PK) for 5 min followed by treatment with the 1 mM phenylmethylsulfonyl fluoride (PMSF). Mitochondria were collected by centrifugation (12 000 g, 5 min, 4°C) and washed in 100 lL import buffer prior to analysis by BN-PAGE and/or SDS/PAGE. Gels were transferred to PVDF as above and dried membranes were exposed to phosphor storage screens (GE Healthcare Life Sciences, Buckinghamshire, UK) for~24 h prior to imaging on a Typhoon TM 9400 Imager (Amersham Sciences).
Mass spectrometry
Raw SILAC mass spectrometry data for HEK293T and NDUFV3 KO mitochondria [14] is accessible through PRIDE ProteomeXchange (accession number PXD004666). Data acquisition was as described previously [14] . Briefly, cells were passaged continuously for 2 weeks in SILAC media as described above. Equal amounts of crude mitochondrial extract were mixed to obtain one replicate HEK293T 'light', NDUFV3 KO 'heavy', and two replicates of the reverse orientation. Mixed samples were solubilized with 8 M urea in 50 mM ammonium bicarbonate (ABC) prior to reduction with 5 mM tris-2-carboxyethyl-phosphine (TCEP) incubation at 37°C for 30 min, followed by alkylation with 50 mM iodoacetamide (IAA). After 30-min incubation at room temperature, samples were supplemented with 20 mM DTT and diluted to 2 M urea using 50 mM ABC. Proteins were digested with sequencing grade porcine trypsin (Promega) overnight at 37°C. The digest was then acidified to 1% trifluoroacetic acid (TFA) and peptides concentrated in a benchtop CentrivapÒ Centrifugal Vacuum Concentrator. Peptides were desalted using SDB-RPS (3M EmporeÒ) stagetips [25] made in-house as described [15] . Samples were analyzed using an online highperformance liquid chromatography system coupled to a Q-Exactive TM Plus Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo Scientific) as described previously for isolated mitochondria [14] . A single technical reinjection was collected for each sample. Raw files were analyzed using the MAXQUANT platform [26] version 1.5.5.1, searching against the most recent Uniprot human dataset containing reviewed, canonical and isoform variants (August 2016) and a database containing common contaminants by the Andromeda search engine [27] . Default search parameters for an Arg10/Lys8 experiment were used with the following modifications: 'Requantify' and 'Match between runs' were disabled, and only 'Unique' peptides were used for quantification. Intensities for heavy and light peptides were taken from the output 'peptides.txt' and a heatmap produced using the PERSEUS platform [28] version 1.5.5.3.
Molecular biology
NDUFV3-S and NDUFV3-L cDNA was obtained following isolation of RNA from control HEK293T cells using TRIzol reagent (ThermoFisher). The Superscript III first strand synthesis kit (Thermofisher) was used to generate cDNA primed with oligo(dT), and the resulting product used as template in a PCR primed by oligonucleotides complementary to exons 1 and 4 of NDUFV3. PCR products were ligated into pBABE-puro [29] (Addgene #1764) using the NEBuilder HiFi DNA Assembly Master Mix (NEB).
Results and Discussion
The canonical isoform of NDUFV3 is a~10 kDa protein that assembles into the distal tip of the complex I matrix arm N-module [3, 4, 14] . It is one of only three subunits (along with NDUFA7 and NDUFA12) whose loss in gene-edited HEK293T cells resulted in no significant changes in mitochondrial respiration, complex I activity, or the levels of other complex I subunits. Indeed, in NDUFV3 KO cells, complex I assembles to maturity and only small changes in the mobility of the complex were observed following analysis by blue-native (BN)-PAGE and immunoblotting using antibodies against complex I subunit NDUFA9 (Fig. 1A) . This shift could be due to loss of the individual protein; however, due to the small size of these proteins (~10 kDa) relative to the 980 kDa mature complex, we hypothesize the change in migration is due to destabilization of the complex during detergent solubilization and/or electrophoresis and partial dissociation of the N-module [14] .
During our previous proteomic analysis of HEK293T cells [14] , we detected unique peptides that could be attributed to a second isoform of NDUFV3 annotated in the UniProt dataset (P56181-2). Peptides for both this and the canonical isoform of NDUFV3 (P56181) were found at lower levels in those complex I subunit knockout lines where the N-module was also depleted, as well as detected following affinity isolation of complex I. We confirmed the levels of NDUFV3 peptides in mitochondria isolated from control HEK293T and NDUFV3 KO cells using stable isotope labeling with amino acids in cell culture (SILAC) followed by quantitative mass spectrometry. As seen in Fig. 1B , unique peptides derived from both isoforms of NDUFV3 (P56181 and P56181-2) were readily detected in HEK293T but not NDUFV3 KO mitochondria. Analysis of the NDUFV3 gene structure (Fig. 1C) revealed the second isoform (hereafter NDUFV3-L) is generated by the gain of an additional exon through alternative splicing, leading to the translation of a~50 kDa protein. This represents a protein almost five times larger than the canonical isoform of NDUFV3. To confirm transcription of NDUFV3-L is from the same gene as NDUFV3-S, we generated cDNA from control HEK293T cells and performed PCR using primers complementary to exons 1 and 4 of NDUFV3. As seen in Fig. 1D , two products could be detected consistent with the predicted sizes of each splicing variant. Next, we analyzed the level of NDUFV3 protein in mitochondria from control HEK293T cells by SDS/PAGE and immunoblotting with NDUFV3 antibodies (Fig. 2A, lanes 1-2) . Two bands migrated at a molecular weight consistent with the predicted sizes of NDUFV3-S and NDUFV3-L and were absent in NDUFV3 KO mitochondria. Strikingly, NDUFV3-L appeared to be the dominantly expressed isoform of NDUFV3 in control HEK293T Table 1 are indicated. (D) cDNA was generated from total HEK293T RNA and primers complementary to exons 1 and 4 used to prime PCR amplification of NDUFV3 isoforms.
cells. To determine if expression of the NDUFV3 isoforms varied in different tissue types, we also analyzed mitochondria isolated from mouse liver, brain, and heart tissue ( Fig. 2A, lanes 3-5) . NDUFV3-L appeared to be the predominant isoform in liver while both forms were at similar levels in heart. The levels of NDUFV3-L were the lowest in brain tissue. Importantly, the protein levels for NDUFV3 isoforms in different mouse tissues were consistent with the relative gene expression of human NDUFV3 isoforms cataloged by the Genotype-Tissue Expression (GTEx) project (http://www.gtexportal.org). Taken together, these data suggest a variable tissue-specific distribution of NDUFV3 isoforms. With the mitochondrial genome accounting for just 13 proteins, the vast majority of mitochondrial proteins are instead encoded by nuclear genes, synthesized by cytosolic ribosomes and imported into the organelle , following which the membrane was subjected to immunoblotting (IB) using antibodies against NDUFB6. CI, complex I; CIII, complex III. (D) Mitochondria were isolated from mouse heart, solubilized in either 1% Triton X-100 (left panels) or 1% Digitonin (right panels) and complexes separated by BN-PAGE. The lane was excised and proteins separated by SDS/PAGE in the second dimension followed by blotting onto PVDF membrane. The blot was stained with Coomassie (top) followed by immunoblotting with NDUFV3 (middle panel) or NDUFB8 antibodies (bottom panel). CIII, complex III; CIV, complex IV; CV, complex V. [7, 30] . To investigate the biogenesis of NDUFV3-L, an in vitro import assay using radiolabeled precursor proteins was performed. When radiolabeled NDUFV3-S and NDUFV3-L precursors were incubated with isolated HEK293T mitochondria, intermediate and mature forms accumulated in a membrane potentialdependent (Δw) manner (Fig. 2B) . This is consistent with presence of a cleavable mitochondrial presequence, as has been reported for NDUFV3-S [24] . Both processed forms of NDUFV3-S and NDUFV3-L were protected from degradation by proteinase K, which is unable to cross the outer membrane of the mitochondria (compare lanes 1 and 4) . To assess assembly into complex I, we imported radiolabeled NDUFV3 isoforms into isolated NDUFV3 KO mitochondria followed by BN-PAGE. As can be seen (Fig. 2C) , both isoforms assembled into complex I and complex I/III 2 in a time-dependent fashion. Subsequent immunoblotting using antibodies against membrane arm subunit NDUFB6 revealed a signal consistent with that of the imported proteins as detected by autoradiography. Next, we sought to determine if NDUFV3-L is present in complex I in vivo. We chose to analyze mitochondria from mouse heart tissue due to clear expression levels of both NDUFV3-S and NDUFV3-L isoforms (Fig. 2A, lane  4) . We employed two-dimensional (2D)-PAGE analysis which separates mitochondrial complexes in the first dimension and individual subunits in the second (Fig. 2D, top panels) . We employed two detergents: Triton X-100 which enables separation of holo complex I and complex I/III 2 ; and digitonin which preserves the CI/III 2 /IV respiratory chain supercomplex [14] . Immunoblot analysis revealed that both NDUFV3-S and NDUFV3-L were present in complex I along with complex I/III 2 and the CI/III 2 /IV supercomplex (Fig. 2D, middle panels) . Supporting this, both isoforms migrated with complex I subunit NDUFB8 (Fig. 2D, bottom panels) . In summary, NDUFV3-L is efficiently imported into mitochondria and is present in both holo complex I and respiratory chain supercomplexes.
The recent cryoEM structures of bovine and ovine complex I from heart mitochondria revealed that NDUFV3-S is present at the tip of the matrix arm [3, 4] . However, NDUFV3-S is not fully resolved in either structure and only the N-terminal half of the short isoform was modeled. In contrast, NDUFV3 is unassigned in the structures of the respiratory chain supercomplex from ovine and porcine heart mitochondria [31, 32] with Wu et al. [32] suggesting this is due to flexibility of the protein. However, as the structures are based on single particle averaging, we hypothesize that this lack of resolution may be due to the presence of two populations of complex I, each harboring one or the other isoform in a similar location. Could NDUFV3-L be accommodated in the structure? While the isoform-specific sequence corresponding to exon 3 is predicted to be intrinsically unstructured [33, 34] , its insertion would be at a solvent exposed location that could be accommodated within the structure without impacting on other subunits of complex I (Fig. 3A,  arrow) or the other respiratory chain complexes present in the supercomplex [31, 32] .
Next, we asked if both isoforms are required for complex I assembly. We used CRISPR/Cas9 mediated genome-editing to generate a HEK293T cell line specifically lacking NDUFV3-L through targeting of the isoform-specific third exon (NDUFV3-L KO ). Geneediting was confirmed by sequencing, revealing two alleles with insertions leading to frameshift mutations, and a subsequent stop codon 24 nucleotides downstream in the case of allele 1 (Fig. 3B) . Analysis of mitochondria from NDUFV3-L KO cells confirmed that NDUFV3-L was absent, whereas NDUFV3-S appeared to be present in levels higher than observed for control HEK293T (Fig. 3C) . Finally, the state of complex I assembly in mitochondria isolated from NDUFV3 KO and NDUFV3-L KO was compared by BN-PAGE and immunoblotting (Fig. 3D) . Unlike in NDUFV3 KO mitochondria, complex I in NDUFV3-L KO mitochondria migrated at a similar position to that observed for control mitochondria. Taken together, our data suggest that NDUFV3-S is alone sufficient for the full assembly of complex I.
Finally, we consulted the Exome Aggregation Consortium (ExAC) database [35] containing the sequenced exomes from~60 000 individuals to survey the distribution of NDUFV3 loss-of-function (LoF) mutations in humans. ExAc listed 273 individuals homozygous for one of four different NDUFV3-L-specific LoF mutations (Table 1; Fig. 1C ). In contrast, only heterozygous LoF mutations were detected in the shared second and fourth exons encoding NDUFV3-S. While the large number of individuals harboring homozygous LoF NDUFV3-L mutations suggests that this isoform is not required for normal function of complex I, it should be noted that the splicing of NDUFV3 precludes specific loss of NDUFV3-S. We thus hypothesize that the presence of either isoform may be sufficient at the level of the healthy organism. At present, it is unclear whether individuals lacking NDUFV3-L presented with mitochondrial disease symptoms. However, as the database excluded pediatric patients, who typically represent the largest cohort of affected individuals, it is unlikely that specific loss of NDUFV3-L would be a conventional pathogenic mitochondrial disease mutation. We also cannot exclude the possibility that mutations affecting NDUFV3-L are compensated for by increased expression of NDUFV3-S, as we observed in our NDUFV3-L KO cell line (Fig. 3B) . were solubilized in 1% triton X-100 and complexes analyzed by BN-PAGE and immunoblotting using NDUFA9 antibodies. CI, complex I. Until now, complex IV (cytochrome c oxidase) was the only component of the mammalian respiratory chain known to contain specific isoforms with tissue-specific distribution [36] . While differential expression of complex IV subunit isoforms is thought to modulate the enzyme's activity in different cellular environments [37] , the functional role of either isoform of NDUFV3 remains unclear. Its loss in HEK293T cells does not affect the enzyme's activity or cellular respiration [14] , making future studies using mouse models essential to elucidation of the proteins function. Inclusion of NDUFV3-L-specific knockouts would also permit investigation into the need for dominant expression of that isoform in tissues such as liver.
In conclusion, we report NDUFV3 to be the first complex I subunit expressed in two isoforms with tissuespecific distribution. We demonstrate NDUFV3-L to be transcribed, translated, and imported into mitochondria where it assembles into complex I with comparable efficiency to that of the canonical NDUFV3 isoform. While both isoforms appear competent to support complex I assembly, the differing stoichiometry of NDUFV3 isoforms in mouse tissues suggests each isoform may have specific roles in complex I function yet to be discovered.
